In this paper, delayed detached eddy simulations are performed to study wake flows of a turbine blade at a high subsonic exit Mach number, M 2,is ¼ 0:79, and high Reynolds number, Re ¼ 2:7 À 2:8 Â 10 6 , based on the chord length and outlet velocity. It is found that a slight change in the trailing suction profile would have a big influence on the formation of wake vortex street, which is believed to be caused by the change in the boundary layer state near the trailing edge, and suction boundary layer with a fuller velocity profile tends to destabilize the wake flow, promoting the generation of wake vortex and enhancing the unsteady effect. Local spatial-temporal stability analyses of the wake velocity profiles suggest that wake flows with asymmetric velocity profiles might have a stabilizing effect. It is suggested that the vortex formation and its strength can be controlled by making some slight modifications on the rear blade suction surface, and the mixing loss in the wake can be reduced due to a weaker unsteady effect.
Introduction
In modern aero engines, turbines are always designed with high inlet gas temperature for power output and efficiency consideration, thus it is necessary to adopt a thick trailing edge for heat transfer and lifetime reasons. Vortex shedding from a blunt trailing edge is known as von Ka´rma´n vortex street and often increases the blade profile loss and leads to unsteady forces on the turbine blade.
Various causes and effects of wake vortices have been investigated. Sieverding and Heinemann 1 showed that a change from a laminar to a turbulent boundary layer reduces the Strouhal number dramatically, and Carscallen et al.
2 studied the energy separation effect in the shedding vortex street. The effect, which is known as the Eckert-Weise effect, results in hot spots at the edge of the wake and cold spots at the center line. 3 It has been well studied in the context of vortex shedding from circular cylinders. Carscallen et al. 4 also suggested that there was a connection between high wake losses and the redistribution of energy in the wake. Furthermore, different vortex patterns might occur in a turbine with a high exit Mach number. Gostelow et al. 5 indicated that this phenomenon might be related to the unsteady interactions between the vortex and the wake shock, but the detailed mechanism is not well understood. A recent experiment showed that the trailing edge base pressure changed from a uniform distribution in a moderate subsonic range to a highly nonuniform distribution in the transonic range and then suddenly returned to a uniform distribution with increasing exit Mach number. 6 This behavior is in contrast with the traditionally accepted assumption that a dead air region exists in the isobaric base region. The transport of wakes have a great influence on the downstream blade; however, in most studies, the wakes are generated by flow past a cylinder, 7, 8 for a better assessment of the wake-turbine interaction, the differences between the wakes behind turbine blade and wakes behind cylinder should be judged. In addition to the Beijing Aerospace Technology Institute, China studies of the causes and effects of vortex shedding, some efforts on controlling the vortex shedding were also made. Irsch et al. 9 found that the wake vortices can be reduced effectively by imposing a steady injection through a tube at the trailing edge, and the most effective results were obtained when the excitation frequency was close to the shedding frequency.
On the computational side, several studies have investigated the wake flow characteristics. Some early studies can be found in various studies. [10] [11] [12] [13] [14] [15] [16] [17] These authors performed unsteady Reynoldsaveraged Navier-Stokes(uRANS) simulations at a relatively low exit Mach number and found that a fairly accurate blade surface pressure distribution, trailing edge pressure distribution, and vortex shedding frequency can be predicted. Ning et al. 17 suggests that the vortex-shedding unsteady stresses can be modeled in Navier-Stokes equations to achieve a vortex-shedding time-independent solution. In recent unsteady calculations of the flows in a high subsonic range, uRANS, 18 a delayed detached eddy simulation, 19 and large-eddy simulations (LESs) 6, 20 were employed, but none of the uRANS results yielded a good trailing edge pressure distribution. Although the LES was better able to reproduce the trailing edge pressure distribution than uRANS, the mesh used appeared to be too coarse; further, preliminary LES results predicted a poor representation of experimental data at the trailing edge because the near-wall turbulence structure could not be resolved, which made the models of the wake turbulence flow ambiguous. These findings reflect that it is still difficult to perform a fully resolved LES/DNS calculation for high-pressure turbines; thus, from the perspective of engineering applications, it is more feasible to adopt a hybrid RANS/LES approach.
Extensive researches have been carried out on the vortex shedding and wakes behind cylinder. The experimental evidence showed that the Ka´rma´n vortex street is the result of a self-excited oscillation of the wake. 21 This resonance phenomenon is described by the concepts of linear convective/absolute instabilities, and detailed information about this concept can be found in an excellent review article. 22 According to the linear instability analyses, 23 in order to trigger the onset of vortex shedding, a region of local absolute instability has to reach a finite critical size in the near-wake region. When a spatial region of absolute instability is large enough, the vortex shedding would occurs via a Hopf bifurcation. 24, 25 The concept of absolute instability in wakes is quite controversial because no direct experimental results can be used to prove the existence of an local absolutely unstable region in the near wake, but its existence has been demonstrated by a numerical simulation. 26 The knowledge about this absolutely unstable region offers the possibility of effective wake control, where the development of the von Ka´rma´n vortex street can be suppressed by avoiding the absolutely unstable wake region. Despite a great number of researches found on the use of instability theory in the study of simple open shear flows, it is hard to apply it directly in the area of turbomachinery for the following reasons: (i) the instability theory are constructed based on low Reynolds laminar incompressible flow, while for turbomachinery the high Reynolds turbulent compressible flows are usually considered. (ii) The influences of confinement and asymmetry have to be considered, but these two factors are often ignored in preceding studies of open shear flows.
In this article, the influences of trailing edge boundary layer state on the formation of wake vortex street are studied. Based on a von Karman Institute (VKI) laboratory turbine blade, some modifications on the degree of convexity of the blade suction surface are made. Both nonlinear numerical simulations and local spatial-temporal stability analyses are performed. In the end we propose a new way that might be beneficial to the suppression of wake vortex street.
Target case
In this study, the experimental data of Sieverding et al. 27, 28 are used for the numerical validation. The CT-96 profile characteristics are listed in Table 1 .
The blade was tested at a high subsonic Mach number, M 2,is ¼ 0:79, and a high Reynolds number, Re ¼ 2:8 Â 10 6 , on the basis of the blade chord and outlet condition. The experiment aimed at providing a greater understanding of the unsteady flow phenomena in turbine cascades, in particular, the unsteadiness associated with the existence of large coherent vortex structures in the turbine blade. Detailed measurements were made, and the experimental results were used to validate the unsteady simulation. According to the experimental result, the main flow structures around the trailing edge are shown in Figure 1 and are described as follows: (1) von Ka´rma´n vortex street shedding caused by blade boundary layer separation, (2) pressure waves emit from the unsteady boundary layer separation point, (3) pressure side wave traveling upstream and interacting with the adjacent blade suction surface, and (4) skin vortices created from the interaction and traveling downstream along the suction surface. It should be noted that the suction-side wave also interacts with the wake flow but is not shown in the figure.
Based on the coordinates of the original VKI blade given by Cicatelli and Sieverding, 29 the parameterized blade can be obtained by using Pritchard's eleven parameter method, 30 where the parameterization process was accomplished with the help of an in-house blade design software.
With the blade design software, some modifications on the rear part of the blade suction surface were made to study the influence of trailing geometric structure on the formation of wake vortex. The main differences between the original blade and the modified blade are listed in Table 2 ; the other blade characteristics remain unchanged. It should be noted that the back surface deflection ( ¼ 12:44 ) and the trailing edge wedge angle ( ¼ 7:5 ) are also remain unchanged. The differences among blade profiles of three cases can be seen in Figure 2 .
Methodology

Numerical approach
In order to resolve flows in shear layers properly, the delayed detached eddy simulations (DDES) are performed in this study.
The simulations are carried out with the commercial CFD software ANSYS FLUENT, which is based on the finite volume method. Bounded central differencing scheme is selected for momentum spatial discretization and bounded second-order implicit scheme for transient formulation. The time step is chosen to be 2 Â 10 À7 s. Based on the LES results of Leonard, 20 the height (spanwise direction) of the computational domain is set to 10 mm. The computational mesh has 105,039 cells in each of 41 grid planes spanwise. A 2D view of the grid is shown in Figure 3 In turbomachinery applications, nonreflecting inlet and outlet boundary conditions are often needed. The total temperature, total pressure, and inflow directions for the inlet boundary are commonly specified. 31 For the outlet, only the static pressure should be prescribed. 32 In this case, the outlet static pressure can be calculated from the isentropic exit Mach number as
According to the experiments, M 2,is ¼ 0.79, so the corresponding outlet pressure should be set to 92,755 Pa. The side boundaries are set to be periodic, and the blade surface is assumed to be adiabatic. Table 3 displays a summary of the boundary conditions. Due to the extremely high Reynolds number, the transition trigger is not very relevant, thus the transition model is not introduced. Solution verification. Before starting the investigation on the influences of the boundary layer state, the experiment data for CT-96 is used to validate the current DDES's ability to model the complex wake flow characteristic in the turbine cascade. An overview of the turbulence content in the wake region is shown in Figure 4 , where instantaneous iso-surface of Q criterion is contoured by the velocity magnitude. It can be seen that 3D turbulent structures are well captured. The pressure traces near the separation point of the trailing edge pressure side and their Fourier decompositions are shown in Figure 5 . The predicted frequency is 7.5 kHz, which agrees very well with the experimental value of 7.6 kHz. The time-averaged pressure distributions near the wake region are given in Figure 6 , and the measurements showed a highly nonuniform pressure distribution on the trailing edge, which is closely related to the unsteady wake vortex shedding process. Comparing with measurements, the global trend predicted by numerical simulation is quite good, current DDES results slightly underestimated the central pressure. Figure 7 shows the distribution of mean isentropic Mach number along blade profile, the computational results are generally in good agreement with the experimental data except for the section near the leading edge, which might be caused by the slight difference of the inlet angle between the present computations and experiment.
In Figure 8 , the calculated boundary layer shapes are compared with the experimental data. The boundary layer profiles are measured at one diameter upstream of the trailing edge circle on pressure and suction sides. The overall agreement between DDES and experiments is rather good.
Local absolute/convective instability analysis Governing equations. To understand the instability characteristics of the wake velocity profiles, a locally parallel linear stability analysis is performed by solving 
With the boundary conditionsv ¼ dv=dy ¼ 0 at confining walls and in the free stream. In equation (2), denotes the wave number and ! stands for the frequency, perturbations are expressed as normal modes vðx, yÞ ¼vð yÞe iðxÀ!tÞ ð3Þ
For a given spatial wave number , the frequency ! or alternatively c ¼ !=, is the eigenvalue in the Orr-Sommerfeld equation, and together with the associated complex eigenfunctionsv, generally an infinite number of frequencies solution of an OrrSommerfeld type eigenvalue problem can be found and each corresponding to a different mode, 34 but we are only interested in the least stable mode.
Various methods can be found to solve this eigenvalue problem. Here, the spectral method was used, where a Chebyshev collocation discretization has been applied in the y-direction, and detailed information about this method can be found in Schmid and Henningson. 33 After implementing this numerical method, the Orr-Sommerfeld equation can be rearranged into a generalized eigenvalue problem
This can be solved directly by using any generalized eigenvalue problem solver, where an open source numerical toolbox SciPy was used. In our case, we have to map the physical domain ½ÀH, H into ½À1, 1 before Chebyshev polynomials can be used, we use the following mapping 35 y
With 2 ½À1, 1 the Gauss-Lobatto points. Parameter a used here is a ¼ 1.5. 200 discretization points is found to be enough for the convergence of ! and is used in this paper.
A spatial-temporal stability is performed at different slices behind the blunt body. For detailed information about convective/absolutely instability, the reader can refer to Huerre and Monkewitz. 22 In a spatial-temporal stability analysis, we search for the eigenvalue ð, !Þ that have zero group velocity, which means that if we imagine a disturbance is introduced to the flow at a point in space, perturbations with zero group velocity stay in the same place. If the disturbance increases in time at that point, we call that absolutely unstable, else, we call that convective unstable or stable. This is consistent with the deepest decent method analysis. Points with zero group velocity have d!=d ¼ 0, in order to find such points, we employed the cusp method developed by Kupfer et al. 36 This method consists in mapping from the plane to the ! plane, and the mapping procedure is governed by the dispersion relation Dð, !Þ ¼ 0. A cusp is obtained when
If ! 0,i 4 0, the wake profile is absolute unstable, if ! 0,i 5 0, the wake profile is convective unstable. A illustration of cusp method is shown in Figure 9 , a cusp is obtained near ! 0,i ¼ 0:989 þ 0:062i, indicating an absolute instability.
Validation. We validate our cusp method by considering two wake models proposed in other literature. One is the Gaussian wake profile, which is proposed by Hultgren et al. 37 Uð yÞ ¼ ð1 À le where l is the local nondimensional velocity defect, the maximal velocity and the local half-width of the wake are used as reference velocity and length scales. For the parameters (l ¼ 0:95, Re ! inf), the absolute frequency computed by Hultgren was ! ¼ 0:528 þ 0:007i. Recomputed by our program, the value turned out to be ! ¼ 0:528 þ 0:004i, the small differences should be lies in the lack of resolution of the figure which was used by Hultgren to identify the saddle point. Another wake profile model used for validation was proposed by Monkewitz 23 Fð yÞ ¼
Uð yÞ
where the velocities are made dimensionless with the average mean velocity " 
Results
Vortex shedding in the near-wake region
The contours of instant vorticity in the near-wake region can be viewed in Figure 10 . It is apparent from this figure that Case 1 and Case 2 show a very different picture compared with Case 3. For Case 1, the pair of attached oscillate slightly. However, the attached eddies disappeared in Case 3. The influences of vortex shedding process on the lift coefficients can be observed in Figure 11 . Lift coefficient is defined as follows
where in and u in are respectively the density and velocity at inlet boundary, H is the computational domain height, and L is the lift force. Figure 11 shows that for Case 1 and Case 2, the blade oscillates weakly over time. For Case 3, the amplitude of lift oscillation is quite obvious and this phenomenon reflects that the strength of vortex shedding in Case 3 is strong enough to affect lift force.
The influences of convex surface Figure 12 shows time-averaged isentropic Mach number along the blade surface. On the pressure side, the local flow continuously accelerated from the leading edge to the trailing edge smoothly, with a large part of increase after 40% axial distance. The local flow velocity in the rear pressure part becomes higher from Case 1 to Case 3. On the suction side, first the flow accelerated toward the throat region and then smoothly decelerated, followed by a slightly acceleration and then decelerated strongly toward the trailing edge. The deceleration phenomenon in the rear suction part is particularly evident for the more convex blade. Figure 13 shows the boundary layer velocity profiles (the velocity profiles are made dimensionless with the velocity at the boundary layer edge) at d upstream of the trailing edge separation point (the start position of trailing edge arc). It can be seen that for all three cases the pressure side boundary layer velocity profiles are almost the same. But significant differences can be found among the suction boundary layer velocity shape, which is caused by the change of flow properties in the rear part of the suction surface. For blade with a more convex suction surface, the fluid in the rear suction tends to suffer a bigger adverse pressure gradient, thus causing a thicker boundary layer with a bigger shape factor. 
Stability analyses of wake velocity profiles
The time averaged streamwise velocity profiles at different streamwise positions along the wake center line are presented in Figure 14 (dc is the distance to the wake centerline). Despite the existence of vortex shedding process in Case 3, in the near-wake region, the wake velocity profiles have similar value in depth for all four cases. But with increasing distance from the trailing edge center, the cases with vortex shedding tend to have a faster wake decay rate, i.e., for Case 3, the wake depth is much lower than cases Case 1 and Case 2 when the distance from the trailing edge center is larger than 1:5d. It is evident that the wake velocity profiles are asymmetric about the wake centerline. Thus, the stability results of two-dimensional symmetric wakes performed by Monkewitz 23 cannot be applied here directly. Here, we divide the wake velocity profile into the upper part and the lower part. As shown in Figure 15 , each part is described by a Monkewitz wake profile.
Uð yÞ
The upper side velocity U 1 is chosen as the reference velocity and the mean local half-width 0:5ðb 1 þ b 2 Þ is chosen as reference length. Then, the local Reynolds number Re w based on wake velocity and wake width can be defined as
Since for the wakes behind turbine trailing edge, the local Reynolds number is very high, the viscous terms with coefficients of 1=Re occurred in equation (2) can be dropped safely.
Before the stability analysis can be performed, a base flow must be obtained. The base flow could be a steady solution of the Navier-Stokes equation (or, equivalently the RANS equations); see Camarri 38 for more details. The steady RANS (based on SA model) results of streamwise velocity profiles are presented in Figure 16 . It is apparent that Figure 16 is very different from Figure 14 . The corresponding parameters for the base flow velocity profiles are listed in Table 4 . Using the method described in the preceding section, local spatial-temporal stability analyses of the base flow velocity profiles are performed and the results are presented in Figure 17 . It is clear that in the near-wake region, the absolute growth rate reaches its maximum for the Case 3, which confirms the assumption that the wake velocity profile with a fuller velocity shape tends to be more unstable. It can also be found that from Case 1 to Case 3, the wake velocity profiles are getting more symmetrical, which means that asymmetric velocity profiles might have a stabilizing effect on wake flow, and this assumption needs a further research. However, an opposite trend appears at a distance 2:5d from the trailing edge center, where the local growth rate for Case 3 is smaller than Case 1 and Case 2, this might be caused by the slight increase in the wake centerline velocity (corresponding to a larger Ã) and a smoother velocity shape factor (corresponding to a smaller N). The local growth rate at distance further downstream is of no interest, which is because the vortex shedding process is mainly influenced by the near-wake region, this region is called ''wavemaker'' region, which is used to identify the regions in space that are the origin of the instability.
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Loss analyses Table 5 summarizes the blade profile losses for all three cases, and the kinetic energy loss coefficient is used here to measure the loss
The outlet parameters are measured at 0:6C a downstream of the trailing edge. The overall loss is decomposed into two parts: boundary layer loss bl and mixing loss m , the boundary layer loss can be related to the kinetic energy dissipated in the boundary layer, and it can be calculated by the following equation
Then the mixing loss component can be estimated using the relation
Comparing Case 2 with Case 1, it can be noted that both the boundary layer loss and mixing loss are decreased. Since the boundary layer is thicker for a more convex blade, the decrease in boundary layer loss is easy to understand. However, the decrease in mixing loss is confusing. The reason might be that a thinner shear layer would lead to a smaller mixing loss if the wake vortex shedding strength is not strong. Since the difference is small, this discrepancy might also be cause by numerical errors. Comparing Case 3 with Case 1 and Case 2, a sudden increase in the mixing loss can be noticed, and this should be owing to the stronger vortex strength observed in Case 3. Figure 18 presents the distribution of total temperature traverses through wake region at different downstream positions, and owing to the existence of vortex street, the total temperature in the center of the wake tends to have a lower value. Carscallen et al. 4 related the high wake losses with the redistribution of energy in the wake for a transonic turbine. In this study, the qualitative influence of vortex shedding on the redistribution of energy in the wake can be easily observed. In the near-wake region, the difference between wake center total temperature and the inlet total temperature for Case 3 is much larger than Case 1 and Case 2.
Conclusion
In this study, we make some modifications on a VKI laboratory blade, and some numerical studies based DDES are performed to study the flow characteristics of the modified blades. The main finding of this paper is that unlike flow past a circular cylinder, the onset condition of vortex shedding behind turbine blade cannot be simply judged by the Reynolds number and Mach number, detailed information about the flow geometries must be taken into consideration to predict the occurrence of the vortex shedding process, and of particular importance is the blade geometry near the trailing edge.
By changing the degree of convexity of the blade suction surface, the suction side boundary layer state near the trailing edge are modified, at the same time the pressure side boundary layer state remains unchanged. It seems that suction side boundary layer with a smaller shape factor, in another word, with a fuller velocity profile, tends to have a more unstable nature in the wake shear flows. Local spatial-temporal stability analyses results suggests that, in the near-wake region, the wake velocity profiles are more unstable in the case of a fuller suction boundary layer. Asymmetric velocity profiles might have a stabilizing effect, which needs a further study. Thus, the adopting of a convex curve in the rear part of the blade suction surface would facilitate the formation of thicker and less full boundary layer velocity profile near the trailing edge separation point may help inhibit the formation of wake vortex street. The limit of validity of the local stability analyses results is that Orr-Sommerfeld equation is available for incompressible flows, it should be noted that the flow behind turbine trailing edge is density-varied, for future works, the compressibility effects should be considered in stability analyses. But presently, the qualitative results obtained from Orr-Sommerfeld equations are enough to reveal some important aspects.
Although in the present study, the suppression of the vortex formation did not bring a significant gain in blade profile efficiency, it does not mean that it is worthless to control the formation of the vortex. The vortex strength is closely associated with blade trailing edge thickness, Reynolds number, Mach number, and blade profile. For turbines with relative thick trailing edge, the mixing loss will be largely influenced by the unsteady wake vortex shedding process. It will be very helpful if the strength of the vortex can be reduced by a careful design of the blade profile. Whether the main finding of this paper can be beneficial to the design of turbine blade, needs a further research.
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